Aircraft emissions at airports represent a significant environmental impact. Higher air quality standards have led to improvements in emissions over the past several decades, but future growth in air travel will make it more difficult to meet the standards. As part of current research into ways to improve airport surface operations, it was found that improved methods of estimating aircraft emissions on the surface were needed. The standard emissions analysis tool used in many studies is intended to capture the larger-scale trends and provides only a basic method of estimating emissions. New methods have been developed that take into account the dynamic behavior as aircraft maneuver around an airport and thus capture the smaller-scale variations. These models can provide more accurate estimates of emissions, at the expense of more detailed aircraft models.
I. Introduction
IR quality in the vicinity of airports has been a concern for a long time. Since the passage of the Clean Air Act in the U.S. in 1970, the Environmental Protection Agency (EPA) and the Federal Aviation Administration (FAA) have enacted regulations resulting in new engine designs that have substantially reduced aircraft emissions overall. Projections for the the future of air travel indicate continued growth, however. A substantial part of the research for the FAA's Next Generation Air Transportation System (NextGen) involves enabling higher-density operations at airports and clusters of airports around cities (metroplexes). 1 With the higher-density operations expected, the problem of air pollution at airports can be expected to get worse in the foreseeable future.
On the surface, aircraft engines spend most of the time at or near idle, the operating point at which the engine is least efficient and where the greatest concentrations of certain species of pollutants are produced. A comparison of two turbofan engines of different vintages in the same thrust category, the JT8D-7 and the CF34-10E6, shows that while the fuel consumption and most emissions indices have been reduced substantially at higher power settings, the values at the lowest power settings-where surface operations take place-have not changed much at all, despite the fact that these two engines were designed three decades apart. 2, 3 Further advances in engine technology may reduce emissions further, but due to the long life cycle of transport aircraft, it can take many years before the majority of aircraft in the fleet will be equipped with any new technology so that the potential benefits may be fully realized. The most likely means for reducing emissions on the surface then, as well as the easiest to effect, will be changes in the way that aircraft are operated on the surface. In order to assess the impact of changes in surface operations on emissions, a method of estimating emissions with sufficient detail is needed. The currently available tools, as will be explained in Section III, do not include sufficient detail for this purpose. The present research is investigating ways of combining existing models to allow more accurate assessments. Section II will provide a brief description of aircraft emissions, Section III will discuss the different models, and Section IV will show some comparisons of the estimates produced by the different models.
II. Aircraft Emissions
Jet fuels are very similar to kerosene or No. 2 distillate oil, and can be reasonably represented by N-decane, C 10 H 22 4 . This is the ideal case, and in reality the process is not so simple and results in other by-products. Table 1 lists the main components of jet engine exhaust and their sources, and details of their formation are explained in the following sub-sections.
In the literature, the three main pollutants evaluated are carbon monoxide (CO), oxides of nitrogen (NO x ), and unburned hydrocarbons (UHC). In 1981, ICAO (International Civil Aviation Organization) first adopted standards relating to the control of smoke and gaseous emissions (UHC, CO, and NO x ) from turbojet and turbofan engines intended for subsonic and supersonic propulsion.
5 Figure 1 shows the general behavior of the formation of these components as a function of the throttle. It can be seen that the concentrations of these different pollutants depends on the flame temperature, which is a function of the throttle setting, and there is not a clear-cut minimum point.
Other pollutants include particulate matter (PM), whose effects on health and climate have only recently begun to be understood and for which few standards exist; a related metric is smoke number (SN). Carbon dioxide (CO 2 ) historically has been considered a harmless by-product of combustion along with water vapor and has only recently come to be considered a pollutant. Each of these will be discussed in the following sections.
A. Carbon Monoxide
Carbon monoxide (CO) is a colorless, odorless, poisonous gas formed when carbon in fuels is not burned completely. 7 According to Ref. 6 , CO emissions from a typical gas turbine combustion system are less than 10 ppmvd (parts per million by volume dry) at all but very low loads for steady-state operation, but during ignition and acceleration, transient emission levels may be higher. As firing temperature is reduced below about 1500°F/816°C, the carbon monoxide emissions increase quickly. 6 Carbon monoxide enters the bloodstream and reduces oxygen delivery to the body's organs and tissues. The health threat from CO is most serious for individuals with cardiovascular disease. Healthy individuals are also affected, but only at higher levels of exposure. Effects of exposure to elevated CO levels include: visual impairment, reduced work capacity, reduced manual dexterity, poor learning ability, and difficulty in performing complex tasks. EPA's health-based national air quality standard for CO is 9 parts per million (ppm) (averaged over 8 hours).
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B. Nitrogen Oxides
The following discussion of NO x formation follows largely from Ref. 6. In the early 1970s when emission controls were originally introduced, the primary regulated gas turbine emission was NO x . Nitrogen oxides (NO x = NO + NO 2 ) can be divided into two classes according to their source: thermal NO x and organic NO x . Nitrogen oxides can form from the oxidation of the free nitrogen in the combustion air or the fuel and are called "thermal NO x ." They are mainly a function of the stoichiometric adiabatic flame temperature of the fuel, the temperature reached by burning a theoretically correct mixture of fuel and air in an insulated vessel. The following is the relationship between combustor operating conditions and thermal NO x production:
• NO x increases strongly with fuel-to-air ratio or with firing temperature
• NO x increases exponentially with combustor inlet air temperature
• NO x increases with the square root of the combustor inlet pressure
• NO x increases with increasing residence time in the flame zone • NO x decreases exponentially with increasing water or steam injection or increasing specific humidity "Organic NO x " results from the oxidation of nitrogen bound in the fuel (fuel-bound nitrogen (FBN)), which is generally small in jet fuels. Only very small amounts of the available free nitrogen (almost all from air) are oxidized to form nitrogen oxide, but the oxidation of FBN to NO x is almost complete. Typically the efficiency of conversion of FBN into nitrogen oxide is 100% at low FBN contents, but at higher levels, the conversion efficiency decreases. Organic NO x formation is less well understood than thermal NO x formation, but formation is also affected by turbine firing temperature. NO x is a key component in the formation of smog and also acid rain (SO 2 can also form acid rain). Nitrogen oxides are important in forming ozone and may affect both terrestrial and aquatic ecosystems. Nitrogen oxides in the air are a potentially significant contributor to a number of environmental effects such as acid rain and eutrophication in coastal waters like the Chesapeake Bay. Eutrophication occurs when a body of water suffers an increase in nutrients that reduce the amount of oxygen in the water, producing an environment that is destructive to fish and other animal life. 7 Nitrogen dioxide can irritate the lungs and lower resistance to respiratory infections such as influenza. The effects of short-term exposure are still unclear, but continued or frequent exposure to concentrations that are typically much higher than those normally found in the ambient air may cause increased incidence of acute respiratory illness in children. EPA's health-based national air quality standard for NO 2 is 0.053 ppm (measured as an annual average). 
C. Unburned Hydrocarbons
Unburned hydrocarbons (UHC) are associated with combustion inefficiency. 6 UHC is another key component in the formation of smog. Volatile organic compounds (VOC) such as toluene and various forms of benzene make up a significant portion of UHC. 5 VOC are known to have adverse health effects, some being carcinogenic. In general, long-term exposure to low concentrations of VOC in water or air, at or above regulatory standards-such as Maximum Contaminant Levels-may result in liver or kidney effects. 8, 9 The UHC emissions from heavy-duty gas turbine combustors show the same type of hyperbolic function of combustion temperature as carbon monoxide.
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D. Carbon Dioxide
Carbon dioxide is a colorless, odorless gas that is a normal by-product of the combustion of fossil fuels. CO 2 in low concentrations is not in itself harmful to humans, but its links to climate change have made it a cause for serious concern. In addition to links to global warming, increased levels of CO 2 in the atmosphere leads to the acidification of bodies of water, which can have detrimental effects on their ecosystem; e.g., Ref. 10. In terms of potential health problems, higher levels have been associated with headaches, sleepiness, poor concentration, loss of attention, increased heart rate and slight nausea.
11 Indoor air quality standards vary between 1,000 ppm and 5,000 ppm.
E. Particulate Matter
Combustion of fuels produces particle emissions that consist of a mixture of microscopic solids, liquid droplets, and particles with solid and liquid components, suspended in the air. 12 The particles are made up of various components, including black carbon (soot), inorganic acids and their salts, organic chemicals, plus whatever naturally-occurring particles such as dust are present in the ambient air. Volatile particles can evaporate, while nonvolatile particles, such as soot, remain in a condensed state. The size of the particles is important since smaller particles can be inhaled more deeply into the lungs, and thus have the potential for more significant health impact compared to larger particles. The size also affets the residence time in the air. Particles smaller than 10 μm but larger than about 2.5 μm are referred to as "coarse" particles and typically represent most of the mass included in PM 10 , the mass of particles smaller than 10 μm.
12 "Fine" particles are those between 2.5 μm and 0.1 μm in size, and are referred to as PM 2.5 , meaning all particles less than 2.5 μm. Ultrafine particles can actually accumulate to form larger ones. In fact, many of the particulate forms that have adverse effects are not formed directly in the engine and instead form in the exhaust stream after it has left the engine.
Smaller particles are more likely to enter the respiratory system. Studies have indicated a significant association between exposure to fine and ultrafine particles and increased risk of heart and lung diseases such as cardiac arrhythmias, heart attacks, respiratory symptoms, asthma attacks, and bronchitis, and they can aggravate existing heart and lung conditions. 12 The effects on the climate are still not certain, but there is some evidence that particles have a contribution. 13 The EPA establishes the National Ambient Air Quality Standards (NAAQS), which limit the concentration of select pollutants in the outside air. 12 The Clean Air Act requires the EPA to set the NAAQS at levels that protect (1) the public health with an adequate margin of safety (the primary NAAQS), and (2) the public welfare from any known or anticipated adverse effects (the secondary NAAQS). Particulate matter is one of the criteria pollutants regulated through the NAAQS. There are currently no standards for aircraft engines in regard to particulate matteronly smoke number (SN) is currently regulated. 14 The production of soot in gas turbines is a complex process that is still not well understood. 15 The ICAO aircraft engine database (the basis of EDMS) does not give particulate information but does include data on the smoke number. SN can vary a great deal with the throttle setting, and between different engine makes and models. 15 Some studies have developed estimates of soot concentration as a function of SN. However, there is no direct connection between the two. The connection depends on the soot properties, especially the particle size distribution, of a given engine. A rough approximation was presented in Ref. 14, and measurement data for some types of aircraft were given in Ref. 16 . The Department of Transportation has produced some empirical formulas to estimate PM with an EI similar to the ICAO database.
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III. Emissions Models
Various possibilities for modeling emissions for surface operations were investigated. In the following subsections, three types of models will be described: the constant-rate model, computational models, and dynamic lookup models.
A. Constant-rate
The constant-rate model is used in the Emissions and Dispersion Modeling System (EDMS). The EDMS was identified by the FAA in 1998 as the required model to perform air quality analyses for aviation sources.
18 EDMS models aircraft activity with 6 modes of operation corresponding to the following portions of Landing-Takeoff (LTO) cycle: Approach, Taxi-In, Gate (main engine startup), Taxi-Out, Takeoff, and Climbout. The EDMS uses emissions information from the ICAO Exhaust Emissions Databank. An example of the data provided is shown in Table 2 .
The EDMS estimates emissions based on operating mode. It uses a fixed throttle setting for each mode and multiplies the corresponding fuel flow rate by the time spent in that mode to get the mass of fuel burned. The Emissions Index (EI) for each species is multiplied by the fuel mass to obtain the total mass of that species. On the surface, though, the throttle is not constant. The throttle can often be set to idle once the desired taxi speed has been reached, but this will depend on weight, grade, etc. However, the pilot has to speed up and slow down for turns and other traffic. The "Idle" setting listed in the tables is actually is slightly higher than the true idle, so it represents in some sense an average value. In order to obtain a more precise estimate of emissions, other models were sought.
The ICAO database does not include information on CO 2 . The EPA has determined a conversion factor for CO 2 per gallon of diesel fuel, which is very similar to jet fuel, so the values for diesel fuel may be used in the absence of a more detailed model. The conversion factor is 22.2 pounds mass per gallon, or approximately 3.3248 pounds per pound of diesel 19 (density of jet fuel ≅ 0.8 g/ml = 6.6771 lbm/gal [Ref. 20] ). The ICAO database also does not include information on particulate matter. Fortunately, recent work at the Department of Transportation has produced some empirical formulas that will allow a reasonable estimate of PM.
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B. Computational
In lieu of more detailed emissions data, another way to obtain estimates is to use a detailed engine model and compute the emissions from the model state variables. Examples of such models include C-MAPSS and C-MAPSS40K developed by NASA Glenn Research Center. 21 These are component-level models that include theromodynamic states in the engine. There are also engine design and analysis programs that can be used to develop dynamic engine models as well. Some approximations for engine parameters can be obtained from engine design textbooks such as Refs. 4, 22, 23, and 24. Semi-empirical formulas for computing the emissions can be found in Refs. 15, 22, and 25−27. The main drawback of this method is that such engine models are not readily available for a variety of engines, and developing one takes some time and expertise.
C. Dynamic Look-up
In between the two previous kinds of models is a table look-up method using the ICAO emissions databank together with the output of a dynamic engine model. The ICAO tables include both thrust and fuel flow rate so either of these can be used as the independent variable. The thrust or fuel flow can be the output of a simplified engine model. Various aircraft simulations have dynamic engine models that may be used for this purpose. There are different techniques for performing the interpolation as well. There are the standard techniques such as linear, cubic, spline, etc., but the method used here is one developed by the Boeing Company 28 that uses piecewise linear fits on a logarithmic scale and is illustrated in Figure 2 . The resulting estimates of emissions are dynamic, but do not require a detailed engine model. The accuracy depends on the number of points in the table, and as seen in Table 2 the number of points in ICAO tables is very limited. This approach will capture the effects of variations in throttle, but will not capture the transient behavior of the combustion process that can affect the emissions on a smaller time scale. 
IV. Results
In the first example, a simple trajectory with different final times was used for comparison. Each trajectory consisted of an initial acceleration, a coasting phase, and a deceleration. The total distance covered in each case was 1000 ft. The simulation used was NASA Langley's Tranport System Research Vehicle (TSRV), a 6-DOF model of a Boeing 737-100 with landing gear dynamics (including brakes and rolling resistance) and a mediumfidelity model of the engine dynamics § Table 3 . The total masses for the various pollutants using two emissions models are shown in for each of the trajectories, and fuel consumption values are shown in Table 4 . In the shortesttime case, the EDMS method produces a smaller value of CO 2 , probably a result of the lower average value of thrust-the short duration requires higher acceleration and thus a higher average value of thrust for the dynamic model. In the longest-time case, the EDMS value is slightly higher, likely because the average thrust value is lower than that assumed by EDMS.
The following example is an actual taxi route at Dallas-Fort Worth International Airport obtained from SMS (Surface Management System) data 29 ( Figure 3) . The results of the emissions and fuel estimates are shown in Table  5 and Table 6 . Again, except for UHC there are significant differences in the estimates obtained with the two models. 
V. Conclusion
Alternative methods for estimating aircraft emissions during surface operations were presented. The results from the inclusion of throttle variations differ markedly from the standard model which assumes a fixed throttle setting. The standard model assumes a throttle value higher than idle, but during taxi operations, much of the time the engines are at idle. More research is necessary to validate the model. Recent evidence from other sources suggests that the emissions at idle can be substantially different from the ICAO value, and can also depend on the ambient temperature and the amount of bleed air being used to power on-board systems such as the cabin ventilation system. The dynamic engine model used was specific to one engine type, so it is not readily applicable to any aircraft, but it provided the higher fidelity necessary to assess the importance of including thrust variations. 
